Epigenetic reprogramming in somatic cells induced by extract from germinal vesicle stage pig oocytes

INTRODUCTION
Epigenetic reprogramming is severely deficient in both somatic cell nuclear transfer (SCNT)-generated cloned embryos and induced pluripotent stem (iPS) cells: most exhibit DNA and histone H3-K9 hypermethylation (Kang et al., 2002; Santos et al., 2003; Kim et al., 2010) . Extracts of Xenopus oocytes or embryonic cells can remodel mammalian somatic cell genomes (Hansis et al., 2004; Alberio et al., 2005; Freberg et al., 2007) . Our first report showed that a cytoplasmic extract from germinal vesicle (GV) stage oocytes improved the efficiency of producing cloned mouse offspring by the demethylation of histones in the donor somatic cell nucleus (Bui et al., 2008) . Although extracts of whole GV stage oocytes and mature metaphase II (MII) oocytes induced sitespecific demethylation in the gene region upstream of that encoding the transcription factor Nanog (Miyamoto et al., 2009 ), MII oocyte extracts had no effect on DNA methylation in the pig (Tong et al., 2006) . In addition, methylation of histone H3 at lysine 9 (Me-H3-K9) in somatic cell nuclei is stable after being injected into MII stage oocytes in the pig and mouse (Bui et al., 2006; Bui et al., 2008) . We demonstrated in mice that only the GV cytoplasm can induce histone demethylation, whereas the GV nucleus cannot (Bui et al., 2008) . Treatment with a cytoplasmic extract from Xenopus GV oocytes was also reported to result in the birth of live offspring and increased ovine cloning efficiency (Rathbone et al., 2010) .
We believe that the factors in the GV oocyte cytoplasm are necessary to induce some reprogramming event (such as histone demethylation), but that they are not sufficient to completely reprogram transferred nuclei toward pluripotency. We have developed a simple extract of GV pig oocytes (GVcyto-extract) for establishing stem-like cells by two-step reprogramming. First, oocyte cytoplasmic factors in GVcyto-extract induce chromatin remodeling with histone modifications in treated somatic cell nuclei, and then oocyte nuclear factors continue to reprogram somatic cells to a pluripotent state.
The pig has long been used as a valid model in many branches of medicine because of its morphological and functional similarities to human systems (Prather et al., 2003) . Nevertheless, the isolation of fully competent and validated embryonic stem (ES) cells has not been achieved in the pig. Furthermore, progress in establishing iPS cells from pigs lags far behind that for humans and mice, for which many successful isolations have been reported. One reason might be a lack of knowledge regarding the regulatory mechanisms of differentiation and genomic reprogramming in pig cells and embryos. Such reprogramming in pig cells might be more complex than in mice and human models and more investigations should be conducted to overcome these challenges to successful applications.
Methylation of histone H3 at lysine 9 is associated with the appearance of heterochromatin in the nucleus and transcriptional repression (Fischle et al., 2003) . Functional differences between the various methylation states have been reported; however, the trimethylated state is often regarded as being the most significant. In pig, dimethylated H3-K9 was found to be present at equivalent levels in both parental sets of chromatin, and trimethylated H3-K9 was established gradually in the paternal chromatin during the pronucleus stage in the pig (Jeong et al., 2007) . Both of these situations are in contrast to sperm-derived chromatin in the mouse, which is not modified until the 4-cell stage (Liu et al., 2004) . Because there is a specific epigenetic interplay between DNA methylation and TriMe-H3-K9 in the pig paternal pronucleus, as in other mammals (Jeong et al., 2007) , we examined TriMe-H3-K9 levels in SCNT-generated cloned pig embryos, along with the acetylation of histone H3-K9, an epigenetic mark that is typically associated with active genes and is mutually exclusive with TriMe-H3-K9.
We demonstrated that fibroblasts treated with GVcyto-extract partially and transiently dedifferentiate after culture, with the formation of colonies and expression of specific stem cell-associated genes. The GVcyto-extract treatment induced continuous expression of Oct4 in blastocysts developed from embryos reconstructed with Oct4-EGFP-expressing fibroblasts. The use of donor nuclei treated with GVcyto-extract and used for SCNT significantly increased the number of high-quality blastocysts that exhibited Me-H3-K9 and Ac-H3-K9 and expressed Oct4 and Nanog, similar to in vitro fertilized (IVF) embryos. Fibroblasts treated with GVcyto-extract could differentiate in vivo and in vitro into neuronal, pancreatic, cardiac and endothelial cell lineages under specific culture conditions. Our data provide evidence for the generation of functional stem-like cells from somatic cells without the introduction of retrovirally mediated transgenes or ES cell fusion. These results suggest that a combination of reprogramming techniques could improve the efficiency or frequency of normal development in SCNT-generated clones.
MATERIALS AND METHODS
Ethics statement
The treatment of the pigs used in this research followed the guidelines of the National Institute of Animal Science's Institutional Animal Care and Use Committee, Suwon, South Korea (approval no. 2009-004, D-grade) .
Collection of GV oocytes and culture for maturation
Ovaries were collected from prepubertal gilts at a local slaughterhouse. Oocyte-cumulus complexes (OCCs) were aspirated from antral follicles (2-6 mm diameter) using a 16 g needle. Groups of 50-100 OCCs were cultured in maturation medium for 38-40 hours (Bui et al., 2007) .
Preparation of ear skin fibroblasts
Fibroblasts were cultured from ear skin biopsies taken from adult male miniature pigs. Briefly, small pieces of ear skin tissue were washed in Dulbecco's phosphate-buffered saline (DPBS; Invitrogen, Carlsbad, CA, USA) and minced with a surgical blade on a 100 mm Petri dish. Cells were then dissociated from the tissues in 0.25% trypsin-EDTA (Invitrogen) for 10 minutes at 39°C. After being washed three times, cells were cultured
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Reprogramming by pig oocyte extract for 6-8 days in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% (v/v) fetal bovine serum (FBS; Hyclone, Logan, UT, USA). After removal of unattached clumps of cells by washing the culture plates with DMEM, attached cells were further cultured until confluent and subcultured at intervals of 5-7 days by trypsinization for 5 minutes using 0.25% trypsin-EDTA. Cultured cells were used for experiments after fewer than ten passages.
Fibroblast permeabilization and preparation of oocyte extracts
Cell permeabilization and oocyte extract preparation were conducted as described (Bui et al., 2008) , with modifications. Briefly, fibroblasts were washed in Ca 2+ -and Mg
2+
-free Hank's balanced salt solution (Gibco Life Technologies, Carlsbad, CA, USA) and incubated in 300 ng/ml streptolysin O in the same solution for 50 minutes at 38.5°C with occasional agitation. The oocyte extract was prepared as follows: ~1000 GV oocytes had the cumulus cells stripped and the zonae pellucidae were dissolved using acidic Tyrode's solution. Zona-free oocytes were transferred to a 1.5 ml tube containing 1 ml extraction buffer (Bui et al., 2008) . After centrifugation at 800 rpm (50 g) for 1-2 minutes, 990 l of the supernatant was discarded, leaving 10 l of extraction buffer with the oocytes. The oocytes were lysed by mouth pipetting through a fine glass pipette (internal diameter of ~70 m). Because pig GV oocytes (including growing and fully grown oocytes) are 100-120 m in diameter and the nucleus is 35-40 m in diameter (Bui et al., 2007) , this pipetting did not disrupt the nuclei (Fig. 1A) . The lysed GV oocyte extract in 10 l extraction buffer (GVcyto-extract) was kept on ice until use.
Permeabilized fibroblasts (5ϫ10 3 cells) were suspended in 10 l GVcytoextract and incubated for 1 hour at 38.5°C in a water bath with occasional agitation. Then, 40 l ES culture medium (Wakayama et al., 2005) was added to the treated cells and a narrow pipette (internal diameter of ~20 mm) was used to disrupt the nuclei of the GV stage oocytes in the extract, and continuously incubated for 4 hours at at 38°C in a 5% CO 2 atmosphere with occasional agitation. To reseal the plasma membrane, ES medium containing 2 mM CaCl 2 was added to treated cells and cultured in a 4-well dish for 2 hours. The medium was changed to fresh ES culture medium and cells were cultured until use.
Extracts from whole GV oocytes (GVoocyte extract) were prepared in the same medium, but zona-free oocytes and their nuclei were ruptured by high-speed centrifugation at 4°C as described (Miyamoto et al., 2009) . Control permeabilized fibroblasts were incubated in the same medium without any oocyte extract. 
Reprogramming of fibroblasts by GVcyto-extract treatment
GVcyto-extract-treated fibroblasts were cultured in ES medium for 1, 2, 3, 4, 5 and 6 weeks. After culture, cells were collected to examine the expression of stem cell markers (Oct4, Rex1, Nanog and Sox2) and the repression of somatic cell markers (Ckap2, Npr3, LmnA and Col5a2) at the mRNA level by reverse transcription PCR (RT-PCR) and at the protein level by immunostaining.
The reprogrammed cells were prepared as follows. GVcyto-extracttreated cells were cultured for 3 weeks and colonies were picked and dispersed to single cells by treatment for 5 minutes in 0.25% trypsin-EDTA. Cells were used for SCNT or 8-cell embryo injection and another group of cells was cultured on mitomycin C-treated mouse embryonic fibroblasts as feeder cells. The medium was changed every 2 days and cells were subcultured using trypsinization every 5-7 days.
Construction of hOct4-EGFP plasmids
To generate hOct4-EGFP, the human (h) OCT4 promoter region spanning 2.6 kb was amplified by PCR with the following primers (XhoI and HindIII sites underlined): hOct4-F, 5Ј-CTCGAGGGATGGCAAGCTGAGA -AACA-3Ј; and hOct4-R, 5Ј-AAGCTTGGGGAAGGAAGGCGCCCCAA-3Ј. The amplified DNA was inserted upstream of EGFP cDNA in a pEGFP-N1 vector (Clontech, Palo Alto, CA, USA) (Fig. 1B) . The cytomegalovirus (CMV) promoter region was then removed and the construct was confirmed by sequencing. The plasmid was purified using the EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA, USA) and linearized by digestion with ApaI for stable transfection.
Establishment of Oct4-EGFP transgenic miniature pig ear fibroblast (MPEF) cell lines
MPEF cells were transfected with linearized hOct4-EGFP using a nucleofector-mediated transfection system according to the manufacturer's instructions (Invitrogen). Stable lines carrying hOct4-EGFP were selected in the presence of 400 g/ml G418 (Geneticin, Invitrogen). The presence of hOct4-EGFP in these lines was confirmed by PCR ( Fig. 1C ) and three lines were used for SCNT to check the expression of Oct4-EGFP in reconstructed early blastocysts (5 days), of which cell line 2, which showed strong EGFP expression, was chosen. The cells were cultured in DMEM supplemented with 10% FBS, 400 g/ml G418, 100 U/ml penicillin and 100 g/ml streptomycin under 5% CO 2 in air at 38.5°C.
RT-PCR
mRNA was extracted using the Dynabeads mRNA Direct Kit (Invitrogen Dynal, Oslo, Norway) according to the manufacturer's instructions. Reverse transcription was performed with 5 l mRNA using the QuantiTect Reverse Transcription Kit (Qiagen). cDNAs were subjected to PCR using AccuPower PCR PreMix (Bioneer, Daejon, Korea) and the specific primers listed in supplementary material Table S1 . PCR products were visualized on agarose gels stained with ethidium bromide under u.v. light and relative band intensities were determined using ImageJ software (NIH).
Nuclear transfer to MII oocytes and activation and culture of embryos
For enucleation, mature oocytes were transferred to a droplet of North Carolina State University-23 (NCSU23) medium with 0.4% (w/v) bovine serum albumin (BSA) containing 5 g/ml cytochalasin B and overlaid with sterile mineral oil. A slit in the zona pellucida was introduced using the XYClone laser system with 80% pulse strength and a pulse length of 500 seconds (Hamilton Thorne Biosciences, Beverly, MA, USA), and a small amount of cytoplasm containing metaphase chromosomes was extruded by squeezing the oocyte with the holding pipette and a glass needle. A treated or control fibroblast was introduced into the enucleated oocyte by direct injection by piezo-driven micromanipulators as described (Wakayama et al., 1998) . Oocytes subjected to SCNT were cultured in NCSU23 medium for 3 hours and then subjected to parthenogenetic activation (Van Thuan et al., 2002) . Control IVF-derived embryos were produced as described (Gupta et al., 2009 ). After parthenogenetic activation or sperm penetration, all embryos were cultured in NCSU23 medium with an osmolarity of 290-310 mOsM and supplementary amino acids (Van Thuan et al., 2002; Nguyen et al., 2003) . In our experimental conditions, embryos reached the 2-cell, morula, early blastocyst, late blastocyst and hatched blastocyst stages at 2, 5, 6, 7 and 8 days, respectively.
Induction of differentiation of reprogrammed cells Neuronal ectoderm
Reprogrammed cells were seeded in complete DMEM at 5ϫ10 5 cells in 90 mm sterile culture dishes. Suspension cultures were maintained for 24 hours before adding 10 M all-trans retinoic acid (Sigma-Aldrich, St Louis, MO, USA). Cells were cultured for 2 weeks in retinoic acid, with the medium replaced every 2 days. Cell aggregates were washed in complete DMEM and plated onto poly-L-lysine (10 g/ml; Sigma-Aldrich)-coated plates in complete DMEM containing the mitotic inhibitors fluorodeoxyuridine (10 M), cytosine arabinoside (1 M) and uridine (10 M) (all Sigma-Aldrich). Anti-synaptophysin, anti-neuron-specific enolase (NSE), anti-neurofilament, anti-nestin and anti-b-tubulin III antibodies were used to detect neuronal markers.
Pancreatic endoderm
Reprogrammed cells were cultured in RPMI 1640 medium (Invitrogen) containing 11.1 mM glucose supplemented with B27 (Invitrogen) (RPMI 1640/B27 medium), 4 nM activin A (R&D Systems, Minneapolis, MN, USA) and 1 mM sodium butyrate (Sigma-Aldrich) for 1 day. After 24 hours, the medium was replaced with fresh RPMI 1640/B27 supplemented with 4 nM activin A and 0.5 mM sodium butyrate and the cells cultured for 6 days. Cells were dissociated with 200 U/ml collagenase IV (Invitrogen) at 37°C for 3-5 minutes, then transferred to ultralow-attachment 6-well plates (Corning, St Louis, MO, USA) and scraped off the plate in RPMI 1640/B27 supplemented with 20 ng/ml epidermal growth factor (EGF; R&D Systems), 2 ng/ml basic fibroblast growth factor (bFGF; Invitrogen) and 100 ng/ml noggin (R&D Systems) at a ratio of 1:1. The cells were fed with fresh medium every 2 days for 1 week. Anti-Foxa2 and anti-Gata4 antibodies were used to identify pancreatic endoderm markers.
Cardiomyocyte and endothelial cell mesoderm
For cardiomyocyte lineage differentiation, reprogrammed cells were cultured in complete DMEM containing 5 ng/ml leukocyte inhibitory factor (LIF; Millipore, Temecula, CA, USA) and 3 ng/ml bone morphogenetic protein 2 (BMP2; Sigma-Aldrich) in 6-well culture plates (1ϫ10 6 cells per well) and 4-well chamber slides (1ϫ10 4 cells per well) coated with 0.5% gelatin for 7 days. These cells were immunostained for cardiomyocyte markers using Anti-cardiac troponin T and anti-connexin 43 antibodies. For endothelial lineage differentiation, cells were cultured in endothelial differentiation medium (10% FBS/EBM-2; Clonetics, San Diego, CA, USA) containing supplements (SingleQuot Kit; Clonetics) for 7 days. Cells were stained for endothelial cell markers using anti-von Willebrand factor and anti-CD31 antibodies.
Differential nuclear staining
Zonae pellucidae were removed from blastocysts using acidic Tyrode's solution. Zona-free embryos were exposed to a 1:7 dilution of rabbit antipig whole serum (Sigma-Aldrich) for 60 minutes. Embryos were then washed three times for 5 minutes each in DPBS. Finally, embryos were incubated in a 1:10 dilution of guinea pig complement (Sigma-Aldrich) containing 10 g/ml propidium iodide and 10 g/ml bisbenzimide (Hoechst 33342; Sigma-Aldrich) for 35 minutes. After being washed in DPBS five times, the stained embryos were mounted onto slides and observed under u.v. light with an epifluorescence microscope. Cells stained blue and pink were considered to be inner cell mass and trophectoderm cells, respectively. The ratio of inner cell mass cells was calculated as a percentage of total cell number.
Immunohistochemical staining
Oocytes and embryos were fixed and then immunostained as described (Bui et al., 2007) . Quantitative analysis was conducted as described (Bui et al., 2008) . Antibodies used are summarized in supplementary material Table S2 .
Flow cytometry
Cells were fixed in 2% neutral-buffered paraformaldehyde and permeabilized with 0.1% Triton X-100 for 15 minutes. Then, cells were washed twice in DPBS supplemented with 1% BSA and incubated at 4°C overnight with primary antibodies (supplementary material Table S2 ). After washing, cells were incubated in Alexa Fluor 488 anti-rabbit or anti-mouse IgG for 1 hour. Labeled cells were subjected to FACS (BD Bioscience, Franklin Lakes, NJ, USA). Data were analyzed using WinMDI 2.8 software. Differences in intensity were quantified by dividing the intensity of signal fluorescence by that of the counterstain used. Arbitrary units were used for graphic representation.
Karyotype analysis
Cells were incubated in culture with colchicine (20 ng/ml; Sigma) for 3 hours, followed by hypotonic treatment with 75 mM KCl, fixed with methanol:acetic acid (3:1) and spread onto clean glass slides. Metaphase chromosomes were prepared and karyotypes evaluated using an Applied Spectral Imaging Band View digital imaging system (Malvern Instruments, Malvern, UK).
Teratoma formation
Approximately 1ϫ10
6 reprogrammed cells were injected subcutaneously or into the testis of 5-week-old immunodeficient nude mice to evaluate teratoma formation. For controls, mouse ES cells were injected into some of the mice. After 5-6 weeks, teratomas were fixed in paraformaldehyde, embedded in paraffin wax and sectioned for histology.
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Statistical analysis
Each experiment was repeated at least four times. More than 50 immunostained oocytes were examined in each group. All data were subjected to one-way analysis of variance (F1 test) followed by the Tukey multiple range test to determine differences between experimental groups. Data on embryo development rates were analyzed using the  2 test and P<0.05 was considered statistically significant. For quantitative analyses, fluorescent images were subjected to densitometric analysis using ImageJ.
RESULTS
Induction of dedifferentiation in GVcyto-extracttreated fibroblasts
Fibroblasts treated with GVcyto-extract showed changes in cell morphology as early as day 7 post-treatment and started forming small colonies. The colonies enlarged, resembling ES colony morphology, after 3 weeks in culture ( Fig. 2A) . Colony formation was concomitant with weak expression of Oct4 (also known as Pou5f1) protein in treated cells after 2 weeks in culture (supplementary material Fig. S1Aa,b) , whereas the permeabilized control cells that were not treated with GVcyto-extract did not show any morphological changes or marker expression during this time in culture (supplementary material Fig. S1Ac,d ). High levels of Oct4 and Nanog protein were detected in colonies after 3 weeks in culture ( Fig. 2B; supplementary material Fig. S1B ). The levels of Oct4 and Nanog transcripts were significantly upregulated after culture (Fig. 2C,E) . Other pluripotent markers, such as Rex1 (also known as Zfp42) and Sox2, were also activated, concomitant with the repression of somatic markers Ckap2 and Npr3 during this time (Fig. 2C-F) . These results show that reprogramming of somatic nuclei by GVcyto-extract is a gradual process that requires the expression of pluripotent factors before cells begin to enter a stable self-sustaining pluripotent state.
To date, a cell type that both proliferates continuously in culture without differentiation and demonstrates full pluripotency potential has not been produced in the pig (Telugu et al., 2010) . LmnA/C, which is not expressed in undifferentiated mouse and human ES cells (Constantinescu et al., 2006) , has been detected in porcine ESlike cells (Vackova et al., 2011) . Similarly, in the present study, LmnA and Col5a2 expression levels were maintained in fibroblasts treated with GVcyto-extract during culture (Fig. 2D) .
GVcyto-extract induces demethylation of H3-K9 in somatic donor cells and reconstructed embryos
We demonstrated in mice that the GV cytoplasm could induce histone demethylation but that the GV nucleus could not (Bui et al.,
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Development 139 (23) 2008). To examine whether GVcyto-extract could demethylate H3-K9 in somatic donor nuclei, histone H3-K9 methylation was examined in reprogrammed fibroblasts after extract treatment and this 'epigenetic memory' was then examined in pig SCNTgenerated embryos. In addition, we used extracts of whole GV stage pig oocytes (GVoocyte extract; see Materials and methods) to compare with GVcyto-extract for its effects on histone modification in treated donor fibroblasts and reconstructed embryos.
Fibroblasts treated with GVcyto-extract had low levels of Me-H3-K9 (Fig. 3Af) compared with untreated cells (Fig. 3Ab) . However, GVoocyte extract could not induce significant histone demethylation in the treated fibroblasts, such that the cells exhibited high levels of Me-H3-K9, similar to control untreated cells (Fig. 3Ab,d ). Flow cytometry analysis revealed that the methylation of H3-K9 was reduced significantly in GVcyto-extract-treated cells compared with untreated controls (Fig. 3B,C) . Thus, GVcyto-extract clearly contained demethylation activity. The low level of Me-H3-K9 in SCNT-generated embryos derived from the treated fibroblasts was maintained until the late blastocyst stage and showed a level similar to IVF-derived blastocysts (Fig. 3D,Ef) . By contrast, embryos derived from GVoocyte extract-treated and untreated donor cells showed high methylation levels at all blastocyst stages (Fig. 3Eb,d ). In addition, both extracts increased the acetylation of H3-K9 significantly in treated cells and reconstructed embryos compared with the untreated group (Fig. 3F-J) .
The duration of pig oocyte maturation is longer than in any other mammalian species, such that the process of germinal vesicle breakdown (GVBD) takes ~18 hours in vitro (Bui et al., 2007) , whereas it takes only 3 hours in the mouse (Bui et al., 2008) . Thus, the nuclei of GV stage pig oocytes could remain intact in GVcytoextract because GVBD was not induced during the 1-hour incubation of permeabilized fibroblasts (Fig. 1A) . In addition, based on the successes of embryonic stem cell nuclear transfer (ESNT) in selectively enucleated or metaphase zygotes, it appears likely that some components of the pronuclei are essential to nuclear reprogramming activity in zygotes (Greda et al., 2006; Egli et al., 2007) . However, the capacity to completely reprogram and support preimplantation development after SCNT is likely to require multiple factors located in the nucleus as well as the cytoplasm, as we demonstrated that cytoplasmic extracts of mouse GV oocytes enhanced the cloning efficiency when treated nuclei were transferred into mature oocytes (Bui et al., 2008) . Therefore, we developed a simple method for establishing stem-like cells by two-step reprogramming (see Materials and methods).
EGFP expression in GVcyto-extract-treated Oct4-EGFP cells and pig chimeric blastocysts
A non-invasive monitoring system using Oct4 promoter-driven EGFP expression would be very helpful to study differentiation and reprogramming mechanisms in pig embryos and cells (Miyoshi et al., 2009; Huang et al., 2011) . We established a human OCT4 promoter-driven EGFP reporter system for monitoring the reprogramming of GVcyto-extract-treated cells (Fig. 1B) . We established three Oct4-EGFP cell lines from ear skin fibroblasts (Fig. 1C) . Differential immunostaining revealed that embryos derived from the treated fibroblasts by SCNT had higher inner cell mass (ICM), trophectoderm (TE) and total cell numbers than in the untreated group (Fig. 4A,B) and numerous high-quality blastocysts
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Reprogramming by pig oocyte extract were found in the SCNT+GVcyto-extract group (Fig. 4C) . Because the GVoocyte extract treatment did not improve the quality of SCNT-derived embryos, we used GVcyto-extract treatment of fibroblasts for all subsequent experiments.
The Oct4-EGFP cells were treated with GVcyto-extract and cultured to examine EGFP expression. Reactivation of the OCT4 promoter in treated cells was detected weakly by 10 days posttreatment (Fig. 4Da,b) . After 3 weeks, colonies were larger and EGFP fluorescence was clearly detected (Fig. 4Dc,d ). These reprogrammed cells were injected into 8-cell parthenogenetically activated host embryos and examined at later developmental stages. EGFP expression was found in all host morulae, indicating that Oct4-EGFP cells were distributed throughout the embryos. Most of the reprogrammed cells became localized in the ICM of the host blastocysts (Fig. 4Eb) . These data strengthened our hypothesis that reprogrammed fibroblasts would have stem cell-like characteristics.
GVcyto-extract promotes Oct4-EGFP expression in SCNT-derived embryos Jaenisch et al. (Jaenisch et al., 2002) examined the potency of blastocysts derived from ESNT and SCNT and showed that ESNTderived embryos developed to term at a 10-to 20-fold higher efficiency than SCNT-derived embryos generated using cumulus or fibroblast donor cell nuclei (Wakayama et al., 1998; Rideout et al., 2000) . We performed SCNT using reprogrammed cells collected from GVcyto-extract-treated Oct4-EGFP cells (SCNT+GVcyto-extract) or Oct4-EGFP cells that were not treated with extract (SCNT untreated). Embryos were cultured to the hatched blastocyst stage. EGFP expression was not found in any embryos from the 1-cell to the 16-cell stage (data not shown). EGFP expression was first weakly detectable in the morula stage of SCNT-derived embryos (Table 1 ; Fig. 4Fb,Gb) . EGFP expression levels in the SCNT+GVcyto-extract blastocysts were significantly higher than in SCNT untreated blastocysts (91% and 22%, respectively; Table 1 ; Fig. 4Fd,Gd) . Interestingly, EGFP expression was found in the SCNT+GVcyto- extract group in hatched blastocysts, whereas the untreated cells did not show any EGFP expression at this stage (18% and 0%, respectively; Table 1 ; Fig. 4Ff,Gf) . Control parthenogenetic embryos did not show any EGFP fluorescence (Table 1 ). There were no significant differences in the rates of morula formation in the SCNT untreated and SCNT+GVcyto-extract groups. However, the rates of formation of late blastocysts (27% and 10%, respectively) and hatched blastocysts (25% and 7%) were significantly higher for the SCNT+GVcyto-extract embryos than for the SCNT untreated group.
Embryos reconstructed by SCNT using GVcytoextract-treated somatic cells have increased cell numbers and higher-quality blastocysts
In early blastocysts, Oct4 and Cdx2 were colocalized in nearly all nuclei (Fig. 5A ). There was a decrease in Cdx2 expression in some RESEARCH ARTICLE Development 139 (23) nuclei at the late blastocyst stage, indicating that Cdx2 expression was starting to be downregulated in the ICM (Fig. 5Bj, arrows) . The expression of endogenous Oct4 in blastocysts was significantly lower in the SCNT untreated group than in SCNT+GVcyto-extractderived embryos (Fig. 5A-C) . Interestingly, GVcyto-extract increased the Oct4 level in SCNT-derived embryos to a level similar to IVF-derived embryos (Fig. 5C ). Nanog expression was not detected in any embryos (supplementary material Fig. S2 ). In hatched blastocysts, Cdx2 expression was downregulated in some of the ICM cells (Fig. 5Dc ,f,i, circles), whereas Nanog expression was more concentrated in these nuclei (Fig. 5Db,e,h ). This result indicated that Nanog tends to be expressed in ICM cells of the hatched blastocyst, perhaps in preparation for localization into the epiblast in later development. IVF-derived embryos contained more Nanog-positive nuclei than SCNT-derived embryos ( 5Db). Of note, hatched blastocysts containing more than 30 Nanogpositive blastomeres (designated Type I good embryos) appeared significantly more frequently in the SCNT+GVcyto-extract group than in the SCNT untreated group (Fig. 5Dh,E) . These results demonstrated that Oct4 expression was severely deficient in SCNT-derived embryos, with a low concentration in the ICM at the late blastocyst stage, concomitant with low expression of Nanog in hatched blastocysts. GVcyto-extract promoted somatic cell reprogramming and cloned embryo development by the production of increased numbers of highquality blastocysts that exhibited Me-H3-K9 and expressed Oct4 and Nanog at levels similar to IVF-derived embryos.
Cells reprogrammed with GVcyto-extract can redifferentiate into multiple cell lineages
Although the reprogrammed cells showed reduced colony formation after 4 months of culture (corresponding to 20 passages), the forming colonies contained cells of normal karyotype, a normal ability to form teratomas when transferred to immunodeficient mice, and rapidly differentiated into several cell types in culture (Fig. 6 ). Under specific culture conditions (see Materials and
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Reprogramming by pig oocyte extract methods), reprogrammed cells acquired the morphology and expression of markers for each of the three germ layers. For redifferentiation into ectoderm, the cell morphology changed in alltrans retinoic acid after 2 weeks in culture (Fig. 6Fa) and cells became neuron-like after culture in differentiation medium for an additional week (Fig. 6Fb,c) . These neuron-like cells showed expression of specific markers after retinol induction by 2 weeks, including synaptophysin, neuron-specific enolase, neurofilament and, after full redifferentiation at 3 weeks, nestin and b-tubulin III (Fig. 6Fd-i) . For redifferentiation into endoderm, the majority of reprogrammed cells expressed the pancreatic cell marker Foxa2 after 1 week of definitive endoderm induction (Fig. 6Ga) . After being transferred to low-attachment plates for aggregate formation, various sizes of aggregates were produced in culture for an additional week and these strongly expressed pancreatic cell markers such as Foxa2 and Gata4 (Fig. 6Gb) . Similarly, for redifferentiation into mesoderm lineages, cardiomyocyte markers such as cardiac troponin T and connexin 43 (Fig. 6H ) and the endothelial cell markers CD31 and von Willebrand factor (Fig. 6H) were expressed. Control permeabilized fibroblasts cultured under the same conditions did not show expression of any of these markers. Further evidence of the stem cell-like characteristics of the GVcyto-extract-treated cells included their ability to undergo cell passaging at least ten times without changes in their morphology or Oct4 and Nanog expression levels.
DISCUSSION
Cloned embryos have higher levels of histone methylation and DNA methylation than naturally formed embryos (Kang et al., 2002; Santos et al., 2003) . This might result from the incomplete erasure of pre-existing methylation in the donor cells. We reported previously that genomic reprogramming factors present in the cytoplasm of the mouse GV stage oocyte induced histone demethylation in donor somatic cell chromosomes and in reconstructed embryos (Bui et al., 2008) . Similarly, in the pig, the low methylation level of H3-K9 in embryos derived from fibroblasts treated with GVcyto-extract was maintained until the hatching blastocyst stage. Importantly, GVcyto-extract could induce histone demethylation in treated fibroblasts whereas GVoocyte-extract could not. Thus, GVcyto-extract caused partial erasure of pre-existing epigenetic marks of donor cells and SCNTmediated reprogramming reset the treated cell states to conform to the environment of the recipient cytoplasm. This enhanced the development of cloned embryos. It was reported that GV oocyte extracts activated pluripotent marker genes more effectively than did MII stage oocyte extracts (Miyamoto et al., 2009 ). However, GV stage oocyte extracts could not improve the efficiency of producing cloned blastocysts in the cow (Tang et al., 2009) or in the pig (this study). Therefore, GVcyto-extract is better for improving the quality of cloned embryos.
In contrast to the situation in the mouse, IVF-derived pig embryos at the blastocyst stage appear not to downregulate the expression of Oct4 in the TE (Kirchhof et al., 2000) . In the present study, localization of Oct4-EGFP expression in early blastocysts from SCNT-derived embryos was not confined to the ICM, but was also seen in the TE (Fig. 4D ). This result confirmed that Oct4 is expressed in both the ICM and TE of blastocysts. The lack of Oct4-EGFP expression in SCNT-derived embryos might inhibit their development because late blastocysts developed in vivo express Oct4 at high levels in the pig (Lee et al., 2006) . The present study demonstrated that GVcyto-extract treatment induced continuous expression of Oct4 in late blastocysts developed from SCNT-derived embryos and that this treatment might be important for improving cloning efficiency. In addition, Nanog protein expression is undetectable in pig oocytes and embryos (Kuijk et al., 2008) but appears in the epiblast at a later stage of development (Hall et al., 2009) . In the present study, expression of Nanog was detected in some nuclei in hatched blastocysts, perhaps in preparation for later localization into the epiblast. However, the SCNT-derived embryos derived from donor cells without GVcyto-extract treatment had only a few nuclei expressing Nanog at this stage. Interestingly, GVcytoextract resulted in a significant increase in Nanog expression relative to the untreated group (Fig. 5D) . Therefore, high expression of Oct4 and Nanog in the SCNT+GVcyto-extract-derived embryos might result from successful reactivation of the Oct4 and Nanog genes in treated donor cells.
Despite two decades of effort, the establishment of ES cells from pigs has remained elusive, as putative ES cell-like colonies can be initially established from pig embryos but they cannot be sustained in long-term culture (Telugu et al., 2010) . Establishment of pig ES cells from zona-enclosed blastocyst and ICM indicated that Oct4 is expressed during the first passage for a maximum of 7 passages, when its expression becomes completely downregulated (Brevini , 2007) . The culture of pig ES cells using human ES cell culture conditions, however, does not sustain undifferentiated growth of the pig ICM and epiblast, as they differentiate within four passages (du Puy et al., 2011) . Pig ES or NT-ES cells cultured in the presence of -MEM medium with EGF and activin, or treated with trichostatin A, can show an increase in the number of passages, although it is unclear whether these cells can be cultured beyond 14 or 15 passages, respectively (Vassiliev et al., 2010; Vassiliev et al., 2011) . In addition, it has been shown that epigenetic memory is often retained in mouse iPS cells, but not in cells reprogrammed by mouse oocytes (Kim et al., 2010) , and clinical application of iPS cells is limited by the fact that most protocols modify the genomes.
RESEARCH ARTICLE
Here, we developed a simple method for establishing stem-like cells with the aim of overcoming the difficulties in establishing ESlike cells in the pig. The GVcyto-extract-treated fibroblasts were shown to dedifferentiate partially and transiently after culture, with the formation of colonies and expression of specific stem-like genes. Our results indicate that GVcyto-extract mediated the dedifferentiation of terminally differentiated pig fibroblasts and enabled the reprogrammed cells to undergo multilineage redifferentiation. These findings not only support the feasibility of such an approach, but also provide evidence that the stem-like cells obtained by this method can be used to study tissue repair. In addition, the application of transgenic pigs to research on gene function and the regulation of human diseases is widely sought and could become a source of organs or cells that would not be rejected by human patients. However, success in producing transgenic pigs is still inefficient. In the present study, GVcyto-extract significantly improved the number and quality of SCNT-derived blastocysts and might be an important source for establishing SCNT-generated ES cell lineages for future studies of therapeutic cloning and transgenic pig production. However, the stem-like cells in the present study showed reduced colony formation after several months of culture. This suggests that other factors are necessary to maintain the selfrenewal of these cells in an undifferentiated state. We intend to standardize and optimize the derivation and culture protocols or treatments for these stem-like cells to enable their further development.
Generally, it is well documented that the GV stage oocyte must undergo an intensive growth phase during which the cell accumulates all the necessary material that will be used subsequently during early embryo development (Sorensen and Wassarman, 1976) . This is accompanied by very high levels of RNA polymerase I and II transcription that are indispensable for the production of ribosomes and specific mRNAs (Picton et al., 1998) . In the mouse, immature oocytes can reprogram the immature nucleus, whereas MII stage oocytes cannot (Bao et al., 2000; Obata et al., 2002) , and pups can be produced by transferring the nuclei of growing oocytes into the cytoplasm of enucleated fully grown oocytes following IVF (Obata et al., 2011) . Therefore, there must be several reprogramming factors from the cytoplasm of growing and fully grown oocytes in our GVcyto-extract. Histone deacetylases in the cytoplasm of GV oocytes are important for the regulation of histone acetylation status throughout the genome (Endo et al., 2008) . In addition, the protein DJ-1 (also known as Park7) is translocated from the cytoplasm to the nucleus during the cell cycle after mitogen stimulation (Nagakubo et al., 1997) . This protein is also present at high concentration in oocytes from the GV stage until the 4-cell embryo stage and it has been suggested that DJ-1 is required for the development of SCNTderived embryos (Miyamoto et al., 2011) . It was also reported that mature human oocytes can reprogram somatic cells to a pluripotent state (Noggle et al., 2011) . In the present study, we carried out reprogramming procedures using a combination of factors from the cytoplasm and nucleus of oocytes via two steps. The first reprogramming step occurs through oocyte cytoplasmic factors that initialize the genomic memory of the differentiated somatic cells, and then oocyte nuclear factors continue to reprogram somatic cells to a pluripotent state.
Taken together, these data suggest that GVcyto-extract could provide the necessary regulatory components required for inducing somatic cell nuclear reprogramming and for altering the differentiation status of non-embryonic cells. Furthermore, SCNT was able to reset the reprogrammed cells to improve cloned embryo development. Much remains to be learned about the mechanisms involved in the genomic reprogramming of somatic cell nuclei. Studies on factors in the GV oocyte that might be involved in the remodeling of somatic cell nuclei during cloning by SCNT are now ongoing in our laboratory.
